Africa is inferred to be the continent of origin for all modern human populations, but the details of human prehistory and evolution in Africa remain largely obscure owing to the complex histories of hundreds of distinct populations. We present data for more than 580,000 SNPs for several hunter-gatherer populations: the Hadza and Sandawe of Tanzania, and the ≠Khomani Bushmen of South Africa, including speakers of the nearly extinct N|u language. We find that African hunter-gatherer populations today remain highly differentiated, encompassing major components of variation that are not found in other African populations. Hunter-gatherer populations also tend to have the lowest levels of genome-wide linkage disequilibrium among 27 African populations. We analyzed geographic patterns of linkage disequilibrium and population differentiation, as measured by F ST , in Africa. The observed patterns are consistent with an origin of modern humans in southern Africa rather than eastern Africa, as is generally assumed. Additionally, genetic variation in African hunter-gatherer populations has been significantly affected by interaction with farmers and herders over the past 5,000 y, through both severe population bottlenecks and sex-biased migration. However, African hunter-gatherer populations continue to maintain the highest levels of genetic diversity in the world. human evolution | population genetics | Khoisan A frican human populations are the most genetically diverse in the world (1) (2) (3) (4) , but inference about African demographic history, evolution, and disease associations has been limited by relatively few genetic samples and scarce archaeological remains in many regions (5, 6) . Modern humans are generally thought to have originated in eastern Africa, where the earliest anatomically modern skulls have been found (5) , and because populations outside of Africa carry a subset of the genetic diversity found in eastern Africa (1, 7) . Before 5,000 y ago, most of sub-Saharan Africa was sparsely occupied by a collection of linguistically and culturally diverse hunter-gatherer (HG) populations (5) . Within the past 5,000 y the majority of HG populations in Africa have disappeared, either through assimilation into expanding agropastoral (farmer and herder) groups or by extinction. The remaining HG groups include the forest Pygmy populations of central Africa, isolated click-speaking populations of Tanzania, and the "Bushmen" of the Kalahari Desert region of southern Africa. Even some of these groups, however, have been experiencing a transition to agricultural subsistence over the past 100 y (8) .
The expansion of agropastoralist populations has likely had a major impact on the distribution of genetic variation within Africa (3, (9) (10) (11) (12) . However, the extent to which these groups interacted with local HG is poorly understood because HG variation has been poorly characterized. Do the current HG populations represent agriculturalists who recently reverted to hunting-gathering or mixed subsistence strategies, as has been seen in other parts of the world (13) , or do sub-Saharan HG represent geographically isolated remnants of populations from which other African populations diverged early in human prehistory? A recent study of noncoding autosomal sequences suggests that central African Pygmies and their agriculturalist neighbors diverged approximately 60,000 y ago, but inference of divergence was based on fewer than 500 SNPs (14) . Further, a recently published Kalahari "Bushman" genome identified more than 700,000 unique SNPs, suggestive of high and ancient phylogenetic divergence of southern African KhoeSan (15) . However, population genetic inference of African demographic history requires both the characterization of intrapopulation variation and the comparison of samples from the numerous geographically dispersed and highly structured populations of this continent. To explore questions about HG demographic history, we present the largest dataset to date of genomic SNPs for the remaining click-speaking (or Khoisan-speaking) HG populations in eastern and southern Africa, analyzed jointly with three other HG and 21 agriculturalist populations, including newly generated data from seven northern African populations.
The Khoisan languages of Africa are unique in incorporating a large variety of click consonants. The Hadza and Sandawe of Tanzania are the only Khoisan-speaking populations to reside outside of southern Africa. However, inclusion of the Hadza and Sandawe in the Khoisan language family is highly contentious among linguists (16, 17) . Despite their small population sizes (the Hadza number only ≈1,000 individuals), the Khoisanspeakers exhibit a large amount of Y-chromosomal and mitochondrial genetic diversity. Many of their Y-and mtDNA lineages are quite rare, but diversity within the lineages may date to more than 50,000 y ago. The southern KhoeSan or "Bushmen" populations (see Materials and Methods for population nomenclature) today occupy the Kalahari Desert region of Botswana, Namibia, and northern South Africa. Haploid (i.e., Y and mtDNA) genetic studies routinely recognize Khoisan-speaking Ju Bushmen groups as the most divergent population in the world (11, 18, 19) . The deepest basal splits in Y-chromosome and mitochondrial phylogenetic trees are between southern Ju Bushmen lineages and eastern African lineages (2) . Only a handful of KhoeSan individuals have been characterized in detail for multiple genetic loci (15, 19, 20) : these individuals originated from the northern Kalahari/Okavango region. Thus, only a very small amount of the potentially great genetic variation in southern Africa has been examined previously.
Results
We investigated the demographic history and population structure of African HG populations using primarily whole-genome Illumina 650K, 550K, and Affymetrix 500K and 6.0 SNP arrays (SI Appendix, Table S1 ). We also present 550K custom array data for 90 Khoisan-speaking individuals from the Hadza and Sandawe populations of Tanzania and the ≠Khomani Bushmen of South Africa, merged with corresponding data from an additional 24 African populations (SI Appendix, SI Appendix, Table  S1 ). We use a variety of unique analyses to identify the ancestry of recently admixed genomic segments, severity of population bottlenecks, and the location of ancestral origins within Africa.
Population Structure Within Africa. We identify putative ancestral clusters within sub-Saharan Africa by applying an unsupervised, maximum-likelihood clustering analysis (21) to 12 African and one European population for k possible ancestral populations (k = 2 through 8; Fig. 1 ). At k = 4, we see a western African/ Bantu-speaking cluster, an eastern African cluster, a cluster representing Europeans that likely also signifies ancestral variation maintained in eastern Africa (e.g., Maasai and Sandawe populations), and finally, a cluster that links all our HG populations. Populations in eastern African have the highest proportion of the European ancestral cluster (represented by the Italian Tuscans, HapMap3), supporting prior models of the Out of Africa (OOA) migration originating from a population of eastern African ancestry (1) . Higher k values (6 through 8) extract each of the HG populations as a distinct ancestral group [although eastern and western forest Pygmies do not differentiate at these low k (2 through 8) values, they do differentiate at higher k values (3)] (Fig. 1) . The Sandawe and Hadza populations contain relatively high amounts of eastern African ancestry (>40%), which at k = 8 splits into Sandawe-specific and Hadza-specific clusters. The high fraction of eastern African ancestry indicates that these groups have likely been part of a greater eastern African population pool for a substantial number of generations. Additionally, at k = 4 through 8 it seems that the South African ≠Khomani Bushmen and the Hadza have both absorbed recent migrants from other clusters; individuals with partial Bantu ancestry in the Hadza, and Bantu and European ancestry in the ≠Khomani Bushmen ( Fig. 1 ). Log-likelihood estimates increased as k was increased, indicating a better fit between the data and model at higher k values (SI Appendix, Fig. S1 ).
We also calculated F st between clusters using the cluster-specific allele frequencies generated from ADMIXTURE (Table 1) . Because the F st is estimated here from the cluster-based allele frequencies rather than the population-based frequencies, much of the influence of recent migration on our estimates has been removed. Ancient migration and mis-estimation of cluster-based frequencies are potential sources of bias in this approach, but admixture between highly diverged populations, such as the Bushmen and Europeans, is likely to be detected and removed. The southern Bushmen, central forest Pygmies, and the Hadza, compared with Europeans, have F st estimates in excess of 0.23 (Table 1) , approximately twice the average F st between other global populations (1) . Pairwise comparisons with the Hadza tend to be exceptionally elevated, likely owing to the affect of genetic drift during a recent, severe bottleneck in that population ( Fig. 4 B and C).
Genetic Diversity Within Africa. We merged SNP data for 27 populations across multiple genomic array platforms (Materials and Methods and SI Appendix, Table S1 ) and created a set of 55,000 autosomal SNPs common to all platforms. Linkage disequilibrium (LD) was measured using r 2 between pairs of SNPs in sliding 1-Mb windows and estimated from equal sample sizes for M a a s a i M b u ti B ia k a M a n d e n k a Y o r u b a L u h y a K e n y a n B a n tu S . A fr ic a n B a n tu S . A fr ic a n K h o m a n i S a n N a m ib ia n J u |h o a n s i S a n S a n d a w e each population. Within Africa, the HG populations tend to have the lowest levels of LD; the five populations with the lowest mean LD are South African ≠Khomani Bushman, Biaka Pygmies, Namibian Bushmen, Fang (not HG), and Tanzanian Sandawe (SI Appendix, Fig. S13 ). LD values are generally indistinguishable between agropastoralist African populations (e.g., Yoruba and Maasai); all northern African populations are elevated relative to sub-Saharan Africa ( Fig. 2A ). LD measured by r 2 is a function of both recombination rate (c) and effective population size (N e ) such that E(r 2 ) = 1/(4N e c) (22) . Lower values of r 2 in the South African KhoeSan, Biaka, and Sandawe HGs are either the result of larger effective population sizes or higher recombination rates in these populations (23, 24) . Population substructure or recent admixture is expected to increase LD (23, 25) , and thus our r 2 estimates for African HGs may even be conservatively high given historical gene flow from Bantuspeaking and Europeans into these populations ( Fig. 1 ). Assuming genome-wide recombination rates do not vary greatly between human populations, the LD results are consistent with several African HG groups (e.g., Bushmen, Biaka, and Sandawe) having greater N e than almost all other African populations. Elevated LD in our samples of the HG Hadza and Mbuti is consistent with recent bottlenecks in these populations [see below and Patin et al. (14) ].
To find the best-fit location for an origin of modern humans within Africa, we regressed LD statistics by distance in kilometers from different points on the continent (Fig. 2B) , in a manner similar to the heterozygosity regressions of Ramanchandran et al. (1) . Under a serial founder model, populations further from the origin will have smaller estimated N e and higher LD on average. Therefore, in this model, positive correlations indicate a good fit with the serial founder model. The highest positive correlations occur when the point of origin is in southwestern Africa (using mean LD at 5 Kb; SI Appendix, Fig. S3 ). Bantu-speaking populations in eastern and southern Africa were removed for this analysis, because they are considered recent migrants and would not reflect the ancient patterns of migration (5, 9, 26) , but exclusion of these samples made little difference to the LD maps. Regressions of LD on distance from southwestern Africa were highly statistically significant (at 5-Kb windows, P ≈ 4.9 × 10 −6 ) ( Fig. 2C ). Best-fit (Materials and Methods) locations based on LD are consistent with a common origin in southern Africa. A point of origin in southwestern Africa was approximately 300-1,000 times more likely than in eastern Africa; detailed likelihood statistics are available in SI Appendix, Table S6 .
The best-fit regression originates at 14°S latitude and 12°E longitude ( Fig. 2 Because LD estimates can be affected by recent admixture, we used a second statistic, F st , to infer the location of origin within Africa. F st was calculated from cluster-specific allele frequencies using the ADMIXTURE software at k = 14. Similar to Tishkoff et al. (3), we still detect discrete population membership at k = 14. We used the inferred genetic clusters, rather than the populationbased allele frequency estimates, to remove the effect of recent migration on F st . This procedure will, for example, minimize the bias of European gene flow on allele frequency estimates from the South African and Namibian Bushmen samples, and the clusterbased F st estimate will better reflect the divergence of the Bushman population before arrival of recent migrants. This procedure does, however, decrease the number of independent points from 27 in the LD analysis to 13 within Africa. Using F st between each African cluster and Europe (Italy) as a sample OOA population, we performed the regression and permutation analysis of geographic origin as described above for LD. The best-fit regression originates at 20°S latitude and 22°E longitude ( Fig. 2D) , with an r of −0.84. With fewer observations the P value is not as low as in the LD analysis; however, we still find a P value of 0.06 after correcting for multiple tests via 1,000 permutations. Given that the F st estimates are not collinear with the LD decay estimates (because the ADMIXTURE model does not take LD into account), this provides an additional line of evidence for a southern origin for modern humans.
To provide an array-independent assessment of heterozygosity we typed the ≠Khomani Bushmen and Hadza at high resolution for HLA-A, B, and C, arguably the most polymorphic of human genes. In comparison with other African populations the Hadza have low HLA-A, B, and C diversity but unusually high frequency (0.375; SI Appendix, Table S5 ) of HLA-B*44:03, features often characteristic of small populations that have been subject to pressure from infectious disease (27) . In contrast, the ≠Khomani Bushmen have the greatest HLA-A heterozygosity (30 alleles, H = 0.95; SI Appendix, Table S4 ), not only among African populations but throughout the world. ≠Khomani Bushmen remain among the most heterozygous populations through the HLA-B and C loci (H = 0.94 and 0.89, respectively; SI Appendix, Table S4 ). Further attesting to the extraordinary HLA diversity and low genome-wide LD of the ≠Khomani Bushmen, we estimated 82 different HLA- Fig. 1 , assuming k = 8 ancestral populations. F st was calculated only on the basis of the allele frequencies estimated within each cluster to exclude recent admixture (e.g., F st between the forest Pygmies and other clusters corresponds to the "green" cluster in Fig. 1 ). † Although the majority of Maasai ancestry is assigned to the eastern African (or "yellow") cluster, a second ancestry is also found primarily in the Maasai, indicated in Fig. 1 by the "pink" cluster. Preliminary results suggest that this ancestry is likely of North African origin.
A, B, and C haplotypes in the panel studied, compared with a mean of 25 haplotypes per population worldwide (SI Appendix).
Demographic History of the Khoisan HG. All HG populations in our study segregated into unique population clusters, separate from neighboring agriculturalist populations, indicating that the HG groups derive from distinct ancestral populations ( Fig. 1 and SI Appendix, Fig. S2 ). We asked whether there was evidence of recent gene flow between HG and agriculturalists by examining the population affiliation of both the haploid systems and the autosomes. Y-chromosome and mtDNA haplogroups were assigned on the basis of approximately 2,000 SNPs per haploid system. Virtually every individual in the ≠Khomani Bushmen sample carried a highly diverged mtDNA haplogroup that is indigenous to southern Africa, 93% L0d1; two individuals carried basal pre-L0a'f lineages that have an unknown geographic distribution, but given that KhoeSan individuals retain many of the deep divergence mtDNA haplogroups, it is likely that this lineage is also endemic to the KhoeSan (18) (SI Appendix, Table  S3 ). However, ≈35% of the paternal lineages were of either European or Bantu origin. Across all three click-speaking populations the contribution of maternal haplogroups from putative agriculturalists varied from 0 to 28%, whereas the corresponding paternal contribution of agriculturalists varied from 30% to 42% (SI Appendix, Table S3 ). We used phased data from admixed individuals to visualize the distribution of ancestry along each chromosome, assuming the number of ancestral populations was equal to three. A principal components (PCA)-based analysis of genomic local ancestry (28) in 40 SNP windows was implemented for the Khoisan-speaking populations (Materials and Methods). Motivated by the ADMIX-TURE results in Fig. 1, ancestral admixed Sandawe individuals were represented by the Sandawe, Hadza, and Kenyan Luhya (Bantu) populations. As illustrated in Fig. 3A , for one Sandawe genome, segments of probable Bantu ancestry tended to be long, often spanning more than 10 Mb, and very little Hadza ancestry could be detected. In the South African ≠Khomani Bushmen, we assumed three possible source populations: ≠Khomani Bushmen, Kenyan Luhya, or European Tuscans. One example, individual SA1 (Fig. 3B) , did not report European ancestry among parents or grandparents, yet displays a fairly high amount of apparent European ancestry. Distributions of the cumulative amount of runs of homozygosity (cROH, where we define a run of homozygosity to be >500 Kb) were calculated for all individuals in the three click-speaking populations (Fig. 4 ) (Materials and Methods). The Tanzanian Hadza population differed strikingly from the other two groups; approximately 65% of Hadza individuals have a cROH >100 Mb, and on average the fraction of the genome in runs of homozygosity (fROH) is 8% in the Hadza. We found no strong correlation between the number of missing genotypes and cROH (SI Appendix, Fig. S5 ). In comparison with the 52 Human Genome Diversity Project (HGDP) populations, higher fROH values are found in four Native American populations, which have been subject to serial founder events.
The elevated mean and variance of cROH in the Hadza population is indicative of a severe and possibly recent population bottleneck. To test this hypothesis we performed a number of demographic simulations using a rejection-based approximate Bayesian algorithm (29) (REJECTOR; Materials and Methods), focusing on the summary statistic fROH. On the basis of an observed fROH Hadza of 8%, the most likely estimate of effective population size (N e ) of the Hadza was 2,590 [95% confidence interval (CI) 475-21,222]; current census size of the Hadza is thought to be only 1,000 (30) (Fig. 4B ). Single population estimates of N e vary widely (19, 31) , but among a global sample of HGDP populations only Native Americans and the Kalash have an N e <3,000. We estimate the mean severity of a bottleneck in the Hadza to be sixfold (95% CI 0.4-9.67) (Fig. 4C) . The fROH statistic did not seem to be sensitive to the time of the bottleneck. The corresponding estimates of mean N e in the neighboring Sandawe are 7,000 (95% CI 3,340-23,200) and 11,670 in the ≠Khomani Bushmen (95% CI 5,760-28,650). Posterior distributions of bottleneck severity were flat for the Sandawe and Bushmen (SI Appendix, Fig. S6 ).
Loci Under Selection. We scanned five African HG populations for ongoing selective sweeps using the iHS statistic (32) (SI Appendix, Fig. S8 ). We identified regions of the genome characterized by extreme iHS values in each population using the procedures described by Pickrell et al. (33) . The most extreme 1% regions generally do not overlap between HG groups. We find eight regions that are in the most extreme 10 loci from a single population and are also in the top 5% for at least two additional African HG populations. These regions include genes such as POT1 and TUSC3, associated with carcinogenesis, a section on chromosome 6 (30.2-30.6, Build Hg36) of the HLA region that contains several tripartite motif-containing genes that have been implicated in pathogen response, and a region on chromosome 9 that is in the top 10% in all five African HG populations and contains nine genes, including IKBKAP mutations, which result in familial dysautonomia (SI Appendix, Fig. S8 ).
We also surveyed a subset of known loci with functions related to infectious disease and that may have been under recent selection owing to increased population density and contact between groups. One SNP, rs2395029, is a missense Val-to-Gly mutation in the HLA complex P5 (HCP5); the function of this protein is not well understood. The G allele, likely ancestral, has been shown to be associated with reduced viral load in HIVpositive individuals, explaining 10% of the variance in HIV viral load among infected Europeans (34) . A second genome-wide association study also found that in European individuals the G allele is associated with HIV nonprogression (35) (odds ratio Fig. 3 . Local ancestry assignment along phased chromosomes. Two individuals with potential admixture (Fig. 1) were projected onto the principal component space of three putative ancestral populations. The three ancestral populations differed for Sandawe individuals (SWE, Sandawe; HAD, Hadza; LWK, Luhya Bantu) and South African ≠Khomani Bushmen (SAN, KhoeSan; TSI, European Tuscan; LWK, Luhya Bantu). Ancestry was assigned in 40-SNP windows along phased chromosomes (haplotypes A and B) by calculating the minimal distance to an ancestral population (28) . Ancestry from Bantu-speaking agriculturalists seems to have occurred relatively recently, as indicated by many ≥10-Mb segments. Switch errors in the phasing could potentially shorten the length of these migrant tracts, but with low levels of admixture, phase switch errors are less likely to lengthen inferred migrant tracts.
3.47).
We found our sample of the Sandawe to carry rs2395029 at an elevated 17% frequency (excluding close relatives), substantially higher than in other populations from HGDP-Centre d'Etude du Polymorphisme Humain (CEPH) (SI Appendix, Fig.  S7 ). The SNP is absent in the Hadza and ≠Khomani Bushmen. The iHS scan, meant to measure ongoing or incomplete selective sweeps, gave a score of 2.79 (absolute value) to the rs2395029 allele in the Sandawe population; values >2 are generally indicative of selection (32) (although this window is not within the top 1% of the iHS scores). The cross-population extended haplotype homozygosity XP-EHH and composite likelihood ratio selection statistics also find the HCP5 locus significant at an empirical P < 0.01 level in the Sandawe (but not in other HG populations), with Europeans used for the cross-population comparison.
Discussion
Population Structure. It is unclear to what extent the ancestral African population was structured at the time of the OOA migration by modern humans, ≈60,000 y ago (36, 37) . Deep ancestral population structure within Africa would affect inference of divergence time among African and non-African populations, extent of admixture between expanding modern humans and Neanderthals (38) , and the causes of divergence during the origin of modern humans (i.e., demographic growth, unique mutations affecting behavior, etc.). By examining genomic data from six HG populations from southern, central, and eastern Africa (i.e., Ju and ≠Khomani Bushmen, Mbuti and Biaka, Hadza and Sandwe) in conjunction with 21 other African populations, we characterized the structure and relationship between these populations. Frequentist population structure analyses ( Fig. 1 and SI Appendix, Fig. S2 ) demonstrate that the HG populations are highly differentiated, both among themselves and compared with other African populations (19, 39) . Thus, they do not seem to derive from agriculturalist populations and instead represent geographically distinct populations isolated from other groups for thousands of years.
However, all African HG populations do share an ancestral cluster at small k levels (Fig. 1) . A similar phenomenon was observed in the Tishkoff et al. (3) microsatellite structure analysis and suggests that central African Pygmies, southern KhoeSan, and Tanzanian click-speakers share common ancestry distinct from other African populations, either through a more recent common ancestor or through long-distance migration. Population divergence between the eastern and western Pygmy populations, here represented by the Mbuti and Biaka, respectively, is estimated to have occurred approximately 15,000-27,000 y ago (14, 40, 41) . Our Y-chromosome microsatellite data from the highly diverged, basal KhoeSan A3b1-M51 clade, found exclusively in southern Africa, has a most recent common ancestor estimated at 40,000 y ago (SI Appendix, Fig. S11) (42) . If the time to the most recent common ancestor (TMRCA) within the KhoeSan population is 40,000 y ago, then this is among the first genetic evidence that the KhoeSan have continuously occupied southern Africa for at least the entire span of the Upper Paleolithic (43) . This conclusion assumes that any past geographic movement of the KhoeSan ancestral population would have spread the distribution of A3b1 lineages, and these lineages would survive in contemporary populations. African HG populations seem to have been highly structured at the time of the OOA migration, but further sophisticated modeling of autosomal data are necessary to confirm this.
Geographic Origins and Population Size. LD decays more rapidly between SNPs in African populations than in non-African populations, and single-gene studies indicate there is variation in levels of LD among African populations (44, 45) ( Fig. 2A) . We present LD decay plots based on genome-wide data for 27 African populations. Of the five populations with the lowest levels of LD, four are HG populations: the ≠Khomani and Namibian Bushmen, Sandawe and Biaka Pygmies; the Fang from Cameroon also have very low LD. This suggests that the largest human effective population sizes have been in African HG populations. We estimate N e in the ≠Khomani Bushmen to be high, namely 11,600, on the basis of fROH simulations. We note, however, that an estimate of N e using the fraction of the genome in runs of homozygosity is an indicator of relatively recent effective population size, not of the ancestral population living tens of thousands of years ago.
Recently Tishkoff et al.
(3) suggested a potential origin for modern humans in southern Africa, on the basis of heterozygosity estimates from microsatellite data. However, their sample of KhoeSan was small, and the directionality of a southwestern origin of humans based on heterozygosity could have been driven by the inclusion of a highly admixed (and thus highly heterozygous) "Coloured" population. To account for these concerns, we used a large sample from two KhoeSan populations (n = 47) and different statistics: F st and mean genomic LD. At levels of mean LD between 0 and 30 Kb, the best-fit geographic origin is found in southwestern Africa, likely driven by the exceptionally low LD in the Bushmen (South Africa and Namibia) and Biaka Pygmies (Central African Republic). F st comparisons also support a southern African origin. Geographic dispersal of modern humans from southern Africa is consistent with the earliest archaeological evidence for worked bone awls, inscribed ostrich eggshell, and climatic evidence indicating a more hospitable climate in southern Africa than eastern Africa until 60,000-70,000 y ago (46) (47) (48) . The large number of unique SNPs not present in dbSNP but identified in the Namibian KB1 (15) "Bushman" genome is also suggestive of the greater diversity present in these KhoeSan populations, but resequencing of larger sample sizes from many geographically separated African populations is required to confirm this conclusion. Extremely elevated LD, increased runs of homozygosity, and very low HLA and haplotype heterozygosity estimates in comparison with other sub-Saharan African populations (Figs. 2 and 4 and SI Appendix, Tables S2 and S4 ) all indicate a severe population bottleneck in the Hadza. We estimate their N e to be only 2,500 individuals, which corresponds to an ancestral population size of 15,000 (given the estimated sixfold bottleneck). Strikingly, our N e estimate is more than twice the current census size of the Hadza, suggesting that the bottleneck is ongoing and that historically the Hadza had a much larger population size. Either our current population sample reflects a substantial founder effect from a larger eastern African HG population, or the entire population has experienced a bottleneck that narrowed its geographic distribution to present day Lake Eyasi. The geographic extent of the historic Hadza population is unknown and is complicated by the lack of evidence for substantial gene flow between the Hadza and neighboring Sandawe, who live only 150 km away (Fig. 3A) .
Selection in HG. We find little overlap between HG populations in ongoing or incomplete selective sweeps (SI Appendix, Fig. S8 ), even between populations in similar environments such as the central African Pygmies or the Tanzanian Hadza and Sandawe. This is consistent with the ancient and continuing separation of these groups (Figs. 1 and 2 ) and the global observation in Pickrell et al. (33) that ongoing selective sweeps tend to be regionally specific. Direct comparison of haplotype-based statistics, such as iHS, between samples can be confounded by differences in SNP selection and phasing (SI Appendix). The five HG populations examined here (SI Appendix, Fig. S8 ) were jointly phased for the same 461K SNPs with a diverse set of trio-based haplotype seeds from Yoruba, Maasai, and Europeans and duoseeds from the Sandawe and ≠Khomani Bushmen.
We identified evidence for positive selection on the HCP5 locus in the Tanzanian Sandawe together with an increased frequency of the rs2395029 [G] allele. There was no evidence of a recent demographic bottleneck in the Sandawe that could explain such a high allele frequency by drift (SI Appendix). The rs2395029 [G] allele has been associated with protection from HIV by virtue of LD with HLA-B*57:01, where putative causal amino acid variants have been identified (34) . We found that the G allele is not in LD with HLA-B*57:01 in the Sandawe; instead it tends to be on the background of HLA-B*49:01, which encodes none of the HIV-protective amino acids of B*57. Additionally, in Europeans rs2395029 [G] is in nearly complete LD with HLA-B*57:01 and is used as a diagnostic marker for hypersensitivity to abacavir, a drug prescribed during HIV therapy (49) . Our results suggest both that the HPC5 locus is under strong selection in the Sandawe independently of B*57:01 and that rs2395029 [G] is not a diagnostic marker for B*57:01 in individuals with African ancestry, among whom this allele has recombined onto a variety of haplotypes. It remains to be determined whether the selection has been due to an increase in HIV prevalence in Tanzania or another infectious disease.
Conclusions
We present a targeted analysis of African HG genomes, including genomic SNP array data for the Tanzanian Hadza, Sandawe, and the South African ≠Khomani Bushmen. We find that the six sub-Saharan HG populations share common ancestry distinct from agriculturalists ( Fig. 1 and SI Appendix, Fig. S2 ). Analyses of LD and heterozygosity suggest that HGs, especially the click-speaking ≠Khomani and Namibian Bushmen, are among the most diverse of all human populations. LD and F st patterns support the hypothesis that all human populations originated from southern Africa (Fig. 2 and Table 1 ), although we caution that sampling in Africa remains sparse; our sample size of Bushmen numbers just 47 individuals, and other highly variable populations may be discovered. Additionally, the interaction between agropastoralist populations and HG over the past 5,000 y has markedly affected HG populations in a variety of ways, including sex-biased gene flow from agropastoralists into HG groups, demographic bottlenecks [in the Hadza and central Pygmies (41) ], and possibly unique selection pressures, for example those associated with infectious disease. We suggest that HG groups in Africa are currently experiencing rapid evolutionary change, as reflected in their patterns of genomic diversity.
Materials and Methods
Samples. Sampling of the ≠Khomani Bushmen in Upington, South Africa and neighboring villages occurred in 2006. Institution review board approval was obtained from Stanford University. ≠Khomani N|u-speaking individuals, local community leaders, traditional leaders, nonprofit organizations, and a legal counselor were all consulted regarding the aims of this research before collection of DNA. All individuals consented orally to participation. DNA via saliva (Orogene kits) and ethnographic information regarding ancestry, language, and parental place of birth were collected for all participants. Hadza individuals were collected in the Arusha district of Tanzania; the Commission for Science and Technology and the National Institute for Medical Research of Tanzania approved the sample collection (50) . Sandawe individuals were collected in 2004 [informed consent described in Li et al. and Donnelly et al. (51, 52) ]. Samples from the ≠Khomani Bushmen, Hadza, and Sandawe were typed on the Illumina Beadchip 550K custom v2 chip designed by 23andMe, Inc. and processed through 23andMe's partner laboratory. Genomic data for comparable loci were also obtained from HGDP-CEPH (19) and HapMap3 (http://hapmap.ncbi.nlm.nih.gov/), publicly available resources. These genotype data were merged with samples typed on the Affymetrix 6.0, Affymetrix 500K, Illumina 1M for a total of 27 African populations (using PLINK v1.07; SI Appendix, Table S1 ). Data for western African populations genotyped on the Affymetrix 500K were obtained from Bryc et al. (28) (available in the database of Genotypes and Phenotypes), and North African population data generated for this manuscript, shown in SI Appendix. A total of 55,000 SNPs were identified as being common to all platforms (available at www-evo.stanford.edu/pubs.html).
Nomenclature. We use the term "Khoisan" to refer to the linguistic family consisting of click-speaking populations as defined by Greenberg (53) . The term "KhoeSan" refers to both the pastoralist and HG Khoisan-speakers of southern Africa, including the Nama, Ju|hoansi, and N|u. "San" is indicative of a historic HG subsistence lifestyle, regardless of the specific Khoisan southern African subfamily language affiliation and has been often used in the literature interchangeably with "Bushmen." Many individuals in our sample preferred to be referred to as "Bushmen."
Population Structure. An unsupervised clustering algorithm, ADMIXTURE (21), was run on our three unique Khoisan-speaking populations, HGDP-CEPH sub-Saharan Africans, HapMap3 Kenyan Luhya, Maasai, and Italian Tuscans. Eight ancestral clusters (k = 1 through 14) in total were tested successively. Log-likelihoods for each k clusters are shown in SI Appendix. Replicate runs of k ancestral populations did not result in substantially different individual ancestral frequencies. F st based on allele frequencies was calculated in ADMIXTURE for each identified cluster at k = 8 and k = 14.
Phasing. Parent-offspring (PO) pairs were first identified using segments sharing identity by descent; PO pairs in the Sandawe and ≠Khomani San (absent in the Hadza) were phased separately using BEAGLE software (54) . The phased Khoisan PO pairs were then combined with HapMap3 trio-phased Yoruba, Maasai, and European population samples (n = 30) for a larger seed ancestral haplotype pool. HGDP African populations, Tanzanian Hadza and Sandawe, and South African ≠Khomani San were then phased together in BEAGLE.
Runs of Homozygosity and Rejection Algorithm. Long runs of homozygosity were calculated with PLINK v1.07 software (55) (http://pngu.mgh.harvard. edu/~purcell/plink/download.shtml) under the following parameters: SNP density of 50 SNPs per window, minimum ROH length of 1 Mb, two missing genotypes per window allowed, one heterozygote per window allowed, sliding window of 1 Mb, minor allele frequency 5%. These parameters were similar to those chosen by Nalls et al. (56) and Auton et al. (57) for their calculations of the accumulated ROH. Estimates of the fROH for rejection algorithm simulations used the same parameters as above, except that all missing genotypes had been imputed in BEAGLE. We investigated sensitivity to the number of missing genotypes and correlation between cROH and the number of ROH segments (SI Appendix, Fig. S5 ). Using a rejection algorithm program we inferred demographic history by comparing simulated cROH estimates with observed cROH estimates. Extensive documentation of the rejection algorithm method, accuracy, and the software REJECTOR (29) package are available online (SI Appendix and www.rejector.org).
Linkage Disequilbrium. LD, r 2 , was calculated between all SNPs in sliding 1-Mb windows. Pairs of SNPs were then binned by their genomic distance in 5-Kb bins. Each population was randomly subsampled 10 times for 12 individuals, LD decay was calculated independently, and mean LD for each bin was averaged across the 10 subsamples for the final population estimate (Fig. 2) . To infer goodness-of-fit of a serial founder effect model across the continent of Africa using LD, we first created a 1°× 1°grid of latitude/longitude points across the continent. For each of these, we calculated great circle distances from our potential point-of-origin to every population. For distances between western and southern Africa we used a waypoint in Cameroon to reflect realistic land-based migration. We then calculated the regression of LD on distance, estimated via smoothing the empirical LD decay measurements with exponential decay functions. Best-fit was identified by the explained variance "r." This method was similarly applied to the pairwise F st estimates between African populations and Europe, using nonadmixed allele frequencies estimated from ADMIXTURE, k = 14, and with an additional waypoint in the Near East for the OOA populations. For clusters consisting of multiple populations, such as western African Bantu-speakers, the geographic location of the cluster F st was calculated as the average distance to the centroid for the longitude and the sine average distance to the centroid for the latitude. We used MapViewer (http://www.goldensoftware.com) to create the Kriging interpolation plot of the correlation coefficients.
